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Abstract 
Realistic models of flow receivers used in parabolic trough collectors found in certain concentrated solar power plants are crucial to 
understand and optimize the plant-system’s performance. Since these receivers are typically extremely lengthy, simulations require 
large meshed domains. Additionally, the effects of selective emission and absorption are at times difficult to replicate. A simple yet 
novel approach in modeling tubular selective surface flow receivers of varying length utilizing a short domain of fixed length in 
ANSYS® Fluent is thus presented. 2D and 3D representations are considered, where the domain contains only the receiver tube and 
heat transfer fluid. The effects of radiation and natural convection are included via a custom-written User Defined Function (UDF). 
An iterative procedure is used to determine the receiver’s glass temperature and overall heat loss coefficient. Upon convergence, the 
results at the outlet are imposed on the inlet, allowing long receivers to be simulated using relatively short domains. In this regard, a 
0.78m long domain was used to simulate a 7.8m long receiver. This methodology also permits receivers of varying length to be 
simulated with the aid of a single mesh of fixed length. Furthermore, the results of the 3D model agree with an existing experimental 
study to a higher degree than other studies that have been reviewed, confirming the physics of the model. The procedures outlined in 
this study may therefore be used in developing accurate representations of actual PTC receivers, where selective surface behavior is 
of importance. Finally, the use of a short domain of fixed length would undoubtedly reduce the required meshing time.  
 
© 2015 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of ICAE 
 
Keywords: solar thermal, parabolic trough collector, numerical model, surface absorption, CSP, PTCSP 
1. Introduction 
The sun is undeniably an attractive source of renewable energy. Comparisons between energy consumption data [1] 
and records of solar radiation [2] indicate that solar energy reaching the earth within one and a half hours would have 
sufficed for the world’s energy requirements during 2010. Solar thermal receivers, capturing solar radiation in the form 
of thermal energy, have thus been built and are currently in operation in Concentrated Solar Power (CSP) plants. Well-
developed models are therefore required to predict and optimize the performance of these systems. 
This study focuses on the receivers utilized with parabolic trough collectors (PTCs). These systems display a surface 
absorption phenomenon, where incident radiation is attenuated and converted into heat via a selective surface coating. 
The heated surface then transfers the absorbed energy to a working fluid. Existing models are, at times, extremely 
complex with large computational domains being employed to simulate the lengthy receivers used in typical plants.  
The objective of this study is to develop simple, realistic 2D and 3D steady-state heat transfer models of long receivers 
using ANSYS® Fluent, a finite volume based Computation Fluid Dynamics (CFD) package. Representative radiation 
profiles from PTCs (developed using the Monte Carlo Ray Tracing technique [3]), thermal dependence of fluid  
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Nomenclature 
h heat loss coefficient [W/m2K] Subscripts  
k thermal conductivity [W/m.K] a ambient 
D diameter [mm] f properties at film temperature 
T Temperature [K] g outer surface of glass envelope 
Ra Rayleigh number w outer surface of receiver tube 
Pr Prandtl number NC natural convection between glass and ambient 
ε emissivity [-] Rad1 radiation between glass and sky 
σ Stefan Boltzmann constant (5.67 x 10-8 W/m2K4) Rad2 radiation between steel and glass tubes 
 
properties, thermal losses and selective surface behavior will be incorporated. An attempt will be made to utilize a 
relatively short meshed domain in simulating significantly longer receivers, as well as replicate the effects of selective 
emission and absorption in a simple yet accurate manner. The experimental study performed by Dudley et al. [4] will 
form the baseline for this work. Padilla et al. [5] provide a detailed 1D numerical analysis of a similar receiver tube. 
Certain correlations presented will thus be incorporated within this study. Existing numerical models also utilize the 
results of [4] for purposes of validation. Cheng et al. [3] and Islam et al. [6] utilize Fluent to perform a 3D analysis of 
the annulus containing the working fluid. Though the results are in close agreement with the experimental study, the 
manner in which losses are accounted for has not been made explicit. The results presented in this study will thus be 
compared to these numerical results, in addition to the experimental data. 
2. Details of experimental study [4] 
The model will replicate the geometries, materials and selected conditions of the experimental setup, described in 
Fig. 1 and Table 1. Accordingly, a 7.8 m long selective surface steel receiver tube in a glass envelope will be explored. 
Cermet is the selective surface coating on the steel tube, with a solar absorptivity of 0.95, and an emissivity of 0.14 in 
the infrared region. The heat transfer fluid (HTF) used in this receiver was Syltherm 800 [7]. 
3. Methodology 
The HTF and steel tube are incorporated in 2D (axisymmetric) and 3D (half-symmetry) models in ANSYS® Fluent. 
The radiation profile developed by Cheng et al. [3] is adopted. It is assumed that optical losses are accounted for by this 
profile. Radiative and convective losses are imposed by means of a User Defined Function (UDF). Temperature 
dependent properties of the HTF will be taken into account [7], while properties of the receiver tube will be assumed 
thermally independent. In accordance with the objective, the details required to develop a similar model appear below. 
3.1. General solution setup 
The pressure based solver of ANSYS Fluent TM, along with double point precision was employed. In the interest of 
accuracy, the second-order upwind scheme was chosen for all spatial discretizations [8]. Pressure-velocity coupling was 
achieved using the segregated SIMPLEC algorithm, aiding convergence. 
The Discrete Ordinates (DO) radiation model was chosen, allowing detailed modelling of non-gray semi-transparent 
and opaque surfaces. A wavelength band up to 3μm (Band 1) is used to account for approximately 98% of solar radiation 
[9], while a second band from 3μm to 100μm (Band 2) accounts for the remaining 2%. The standard k-ε turbulence 
model was found to assist in convergence of the flow. The governing equations may be found in the Fluent Theory Guide 
[8]. Note that the emissivity weighting factor was set to zero. This is explained further in Section 3.5.  
The mass flow and area-weighted average temperatures and velocities at the outlet were monitored. Once these values 
had stabilized and all residuals reduced to the order of 10-5, the solution was considered converged. Additionally, mass 
and energy fluxes along the boundaries did not indicate major imbalances. 
3.2.      Development of computational domain 
Only the heat transfer fluid and the steel tubing is modelled. This is due to difficulties in simulating a full or partial 
vacuum, which cannot be considered as a continuum. Fig. 2 illustrates the computational domains, as well as the types 
of boundary conditions (BCs) used. The semi-transparent BC introduces solar radiation into the computational domain. 
By default, this surface cannot absorb nor emit radiation [8]. Modelling the tube as an absorbing and emitting medium  
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Fig. 1. (a) Schematic of receiver configuration including dimensions (mm) and energy exchanges. (b) Thermal resistance circuit between receiver 
tube and ambient 
Table 1. Selected conditions for analysis 
Case Incident Beam Radiation (W/m2) Mass flow rate (kg/s) Ambient temperature (°C) Inlet temperature (°C) 
1 933.7 0.6782 21.2 102.2 
2 937.9 0.6206 28.8 297.8 
3 920.9 0.5457 29.5 379.5 
 
results in unpractically lengthy simulations, due to steel’s high absorption coefficient. Another option is to model the 
top layer of the tube as opaque, and introduce a semi-transparent surface around this layer. This, however, requires the 
introduction of an additional fluid domain between the tube and semi-transparent surface, in this instance, ambient air 
or a vacuum. As mentioned, a vacuum cannot be simulated. In the case of air, good CFD practice dictates that such an 
outer domain should be much larger than the domain of interest, i.e. the HTF. Besides being computationally expensive, 
this would introduce complexities in applying a radiation profile. A simple, innovative approach was thus developed to 
simulate the effects of surface absorption and emission. Fig. 2 (c) illustrates the purpose of different layers in the 
computational domain. Noting that for steady-state absorptivity equals emissivity [10], the emissivity was specified as 
0.95 in Band 1 and 0.14 in Band 2, thereby representing the cermet coating. The ‘absorption layer’, a single layer of 
cells 0.4mm high, ensures a negligible temperature gradient between the absorption and outer surface. This is important, 
as losses depend on the temperature of the outer surface, which, in practical situations is the absorbing surface. The 
thermal condition of the semi-transparent surface accounts for a convective heat loss, i.e. the loss is proportional to the 
difference between the wall and ambient temperatures. Details of the loss coefficient are provided in Section 3.5.     
3.3. Mesh generation 
The model domains were subjected to sensitivity studies and a mesh was chosen such that the outlet temperature 
varied by no more than 0.1% when compared to the finest mesh. Nodal resolution was also considered. A 3x3 (phi x 
theta) discretization and 1x1 pixelation was found suitable for the DO Radiation model [8].  
3.4. Solar radiation profile 
Radiation profiles prepared using the Monte Carlo Ray Tracing technique were found to be almost identical for the 3 
test cases in question [3]. The graphic provided for Case 1 was thus selected and digitized, and then approximated as 
 
 
Fig. 2. (a) 3D and (b) 2D computational domains, with dimensions listed in (c). (d) Boundary conditions 
a) 
b) 
476   Luqmaan Habib et al. /  Energy Procedia  75 ( 2015 )  473 – 478 
 
polynomial functions of the ‘y’ co-ordinate of the receiver tube (Fig. 3 (c)). For the 2D axisymmetric model, an 
average of the polynomials provided a uniform value of 14,400 W/m2. 
3.5.    Receiver losses 
As previously indicated in Fig. 1 (b), the conduction resistance within the glass is ignored. Convective losses to the 
ambient and radiative losses to the sky are given by Eqn. 1 and Eqn. 3 respectively. An effectively sky temperature is 
determined by Eqn. 2 [5]. The radiation heat transfer coefficient between the steel and glass is given by Eqn. 4. Here, 
the view factor for concentric cylinders was considered [10]. The natural convection correlation for horizontal cylinders 
(Eqn. 1) was used [5]. Air properties are calculated at Tf, which is the average of Ta and Tg. For a specific Ta, hNC was 
calculated for a range of glass temperatures. The resulting curve was fitted to polynomial functions (Fig. 3 (d)), and used 
in the UDF procedure of Fig. 3 (b). 
The challenge in applying these relationship is that Tg is unknown. An iterative procedure, commonly used for flat 
plate collectors, was adopted [9]. This is illustrated by Fig. 3 (b).  
The adiabatic boundary condition does not prevent radiation from leaving the semi-transparent wall, resulting in the 
absorbing surface radiating to absolute zero. This is clearly unrealistic. The current solution involves using the 
DEFINE_EMISSIVITY UDF, and imposing a value of zero. Unfortunately, Fluent now neglects thermal emission 
within any domain in the simulation. Nevertheless, since the HTF is limited to about 400°C [7], thermal emission may 
be ignored. Although not accurate, the impact of this omission would be minimal at these temperatures.  
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3.6. Simulating lengthy receivers – ‘Mapping Process’ 
Referring to Fig. 3 (a), mass fluxes, rather than velocities, are mapped from the outlet to the inlet, preventing mass 
imbalances. The solution is run for approximately 100 iterations between checks, preventing the detection of false 
convergence. At each ‘pass’, i.e. the instant at which mapping occurs, temperature and velocity profiles are recorded via 
scheme commands, for purposes of comparison. After 10 passes, signifying 7.8m, the simulation terminates. 
 
 
 
Fig. 3. (a) Method of mapping outlet conditions to inlet; (b) Logic applied to each face at outer boundary to calculate the overall loss coefficient; (c) 
Radiation profile on receiver tube; (d) Sample curve used to determine natural convection as a function of glass-wall temperature 
START
RUN
MONITOR
TEMPERATURE, MASS 
FLUX & VELOCITY AT 
OUTLET
MAP INDIVIDUAL FACE  
TEMPERATURES & MASS 
FLOWS FROM OUTLET TO 
INLET
SET INITIAL 
VALUES AT 
INLET
CONVERGED?
PASSES 
COMPLETE?
STOP INCREMENT 
VARIABLE STORING 
NUMBER OF PASSES
Y
N
YINCREMENT 
ITERATION COUNT
ITERATIONS 
COMPLETE?
N
Ya)
N
START ASSUME Tg = Tw -5 
STORE VALUE 
OF Tg
AVERAGE FACE 
TEMPERATURES
STOP
PASS CALCULATED 
htotal to FLUENT
Y
N
DETERMINE hNC USING
POLYNOMIAL FUNCTION 
OF FIG. 3 (d)
NEW Tg WITHIN 
TOLERANCE OF 
STORED Tg?
COMPARE
CALCULATED Tg TO 
STORED Tg
SOLVE EQUATIONS 
(2) TO (6)
b)
0
20000
40000
60000
0 20 40 60 80
Lo
ca
l r
ad
ia
tio
n 
flu
x 
(W
/m
2 )
y (mm)
Cheng [3]
Polynomial fits
6
8
10
12
400 600 800 1000h N
C
(W
/m
2 K
)
Average glass-wall temperature (K)
y
c)
d)
 Luqmaan Habib et al. /  Energy Procedia  75 ( 2015 )  473 – 478 477
4. Results and discussion 
As a verification of the procedure outlined in Section 3.6, Case 1 was chosen and applied to the 0.78m long (truncated 
domain) and 7.8m long (full domain) 2D models. In the case of the full domain, temperature and velocity profiles were 
obtained at 0.78m intervals, allowing a direct comparison with the number of passes from the truncated domain 
simulation. Each ‘pass’ represents a distance of 0.78m (i.e. the length of the truncated domain) travelled by the fluid. 
The velocity profiles from the mapping process adequately match those obtained from simulating a full length 
receiver (Fig. 4 (a)). This implies that the method of mapping mass flows from the outlet to the inlet is reliable. Since 
the flow properties vary with temperature, the agreement between velocities implies that temperatures have also been 
mapped successfully. This is further illustrated in Fig. 4 (b). The temperature profiles obtained via mapping are nearly 
identical to those obtained from simulating the full length receiver. These findings indicate that a considerably smaller 
domain can be used to successfully investigate the performance of lengthy solar receivers. This is advantageous in the 
meshing process, as the time required would be substantially reduced. Moreover, one may investigate receivers of 
variable length utilizing a single mesh. Since the reliability of utilizing a truncated domain has been confirmed, the cases 
mentioned in Section 2 will be explored utilizing the 2D and 3D truncated domains (i.e. 0.78m in length). 
Fig. 5 (a) and (b) represent the outlet temperatures obtained in each of the studies, as well as the absolute error, when 
compared to the experimental data. Both the 2D and 3D studies provide results within the range encountered in literature 
(less than 1% error). Assuming that the radiation profile is accurate, this agreement indicates that losses were accounted 
for in an acceptable manner, hence validating the heat transfer modelling procedure. Referring to this study, it is 
interesting to note that the 3D model outperforms the 2D model only in Cases 1 and 2. The error incurred in the 2D 
model seems to be steadily decreasing across the 3 cases. Recalling the test conditions of each case (Table 1), one notices 
that the inlet temperatures are increasing from Case 1 to Case 3. One may thus be inclined to conclude that the 2D model 
performs better at elevated HTF inlet temperatures. However, the trend in temperature gains has to first be consulted.  
As indicated in Fig. 5 (c), the experimental results indicate a decrease in temperature gain with increasing inlet 
temperature. This is logical, as the receiver tube, which is always at a higher temperature than the fluid at steady-state 
conditions, loses a larger portion of energy to the ambient, as compared to the cases with lower inlet temperature. These 
losses prevent the receiver from gaining the magnitudes of energy that are observed at lower inlet temperatures.  The 2D 
and 3D models, as well as the results presented by Cheng et al. [3] indicate similar trends to each other. In all of these 
instances, one notices an increase in the temperature gain as we move from Case 2 to Case 3. The 2D model, which 
under-predicts the experimental results for Cases 1 and 2, simply moves closer to the results of Case 3 due to this 
discrepancy in the expected trend. This creates an impression of improved performance, whereas this model is simply 
deviating from the expected behavior. Although the variations are minor, this points to a slight deficiency in the model. 
More specifically, the higher than expected temperature gain at Case 3 implies an under prediction of losses at higher 
HTF temperatures. For the 2D and 3D models developed in this study, the inconsistency may be due to neglecting 
thermal emission from the fluid. This element, when included, would contribute to losses, thereby reducing the 
temperature gain. Nevertheless, the condition where this discrepancy occurs is near the maximum safe operating 
temperature of Syltherm 800, as indicated in Fig. 5 (c) [7]. Practicality and safety would demand that the system operates 
below this region. The model is therefore deemed satisfactory for Syltherm 800 based (or similar) solar thermal receivers. 
Despite the minor aforementioned discrepancies, the errors incurred by the 3D and 2D models do not exceed 0.4% 
and 0.7% respectively, across the 3 cases. Although the 3D model is more accurate and accounts for the unsymmetrical 
heating encountered in practice, it tends to slightly over-predict the outlet temperature. The 2D model is more 
conservative in this regard. Depending on available computing resources, as well as the details and accuracy of the 
solution required, the user may choose the optimum model.   
5. Conclusions and future work 
Realistic 2D and 3D numerical models of a PTC receiver were successfully developed in ANSYS® Fluent. The 
models accurately simulate the behavior of a selective surface, while accounting for thermal losses in a simple yet 
coherent manner. The results of the 2D (axisymmetric) and 3D (half-symmetry) simulations agree well with the 
experimental results, incurring less than 0.7% and 0.4% absolute error, respectively. Furthermore, the error incurred in 
the 3D simulations is less than that of other models appearing in literature, for all cases examined. The unexpected 
increase in temperature gain at elevated inlet temperatures has been attributed to neglecting thermal emission from the 
fluid. Despite this, the models have been deemed satisfactory, at this only occurs as temperatures approach the maximum 
operating point of Syltherm 800.  
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Fig. 4. Comparison of (a) velocity and (b) temperature profiles using a continuous domain (indicated by length in m) and the method of  Fig. 3 (a) 
(indicated by number of passes). 
 
Fig. 5. (a) Outlet temperatures from various studies, and (b) the absolute error compared to the experimental results. (c) Increase in temperature 
from inlet to outlet 
The 0.78m long domain was able to accurately determine the behavior of a receiver 10 times this length. The 
procedure of mapping outlet conditions of individual faces to the inlet is therefore reliable. Smaller domains can thus be 
used, significantly reducing meshing time. Additionally, receivers of variable length can be investigated using a single 
mesh. Minor adjustments to the UDF would permit the simulation of the effects of mixing (due to a pump, or changes 
in flow direction) after a certain length. 
As a continuation of this work, the authors intend on studying the minimum domain length required to simulate 
lengthy receivers. An attempt will be made to include thermal emission within the flow domain, without introducing 
unrealistic emissions to the surroundings. Finally, with the aid of this verified model, new types of receivers (such as 
volumetric absorption receivers) may now be explored and compared to the common surface absorption type.     
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